Whether there is a connection between their pathways is critical for their therapeutic applications. Using whole-genome expression profiles, we performed multiple measures of associations, networks, eQTL mappings and expressions of key genes of interest in Vc and VD functions. Several key genes in their pathways were found to be associated. Gc and Rgn play important roles connecting Vc and VD pathways in mice. the r values of expression levels between Gc and Rgn in mouse spleen, liver, lung, and kidney are 0.937, 0.558, 0.901, and 0.617, respectively. The expression QTLs of Gc and Rgn are mapped onto the same locations, i.e., 68-76 MB in chromosome 7 and 26-36 MB in chromosome 9. In humans, there are positive correlations between CYP27B1 and SLC23A1 expression levels in kidney (r = 0.733) and spleen (r = 0.424). SLC23A2 and RXRA are minimally associated in both mouse and human. these data indicate that pathways of Vc and VD are not independent but affect each other, and this effect is different between mice and humans during VC and VD synthesis and transportation.
History of BXD strains. For over half a century, recombinant inbred (RI) strains of mice have been well-studied as models in biomedical research. In this research, we chose BXD RI strains, which represent the best developed animal model and have made significant contributions to the study of human diseases. The BXD families of RI strains were derived by crossing C57BL/6 J (B6) and DBA/2 J (D2) mice. Multiple generations of individuals from the F2 group were produced 15 . Theoretically, after more than 20 generations of inbreeding, most genetic sites of inbred animals should be homozygous. The BXD database can be downloaded from GeneNetwork, a public data source website that is a large whole genome expression resource platform. Using GeneNetwork, we worked to find potential overlap in synthesis and transport pathways of VC and VD.
Results the crosstalk of key genes in gene network between Vc and VD pathways. From the
GeneNetwork platform, we first obtained the expression levels of VC key genes (Gulo, Rgn, Slc23a1, and Slc23a2) and VD key genes (Vdr, Gc, Cyp24a1, Trpv6, Cyp27b1, Cyp2r1, Dhcr7, and Rxra) from whole genome mRNA expression profiles in four different mouse and human organ tissues (spleen, liver, lung and kidney). Next, network graphs of these key genes were created using a threshold of absolute values greater than 0.35 as we previously reported 16 .
As shown in Fig. 1 , in the pathways for VC and VD synthesis, it is obvious that Gc, Rgn, and Gulo in mice are tightly connected together compared to other genes in Pearson's r value in the four tissues, especially in spleen and lung. The correlation between Gc, Rgn, and Gulo are all connected in red lines, depicting the positive correlations among them. We also examined correlations among these key genes reported in the literature for mouse and human tissue ( Fig. 1) . Correlations among these genes were more frequently reported for mice Correlations in mouse tissue showed similarity of expression in the same tissues among these key genes. GeneNetwork and the literature both support positive correlations among Gc, Rgn and Gulo, raising the question as to whether Gc is the key gene that overlaps in the VC and VD pathways in mice. However, since humans cannot synthesize VC due to a mutation in the Gulo gene, such a correlation is not present in humans. Furthermore, GC and RGN are not connected in humans.
For the genes involved in transport of VC and VD, it seems that SLC23A1 is connected to CYP27B1 in humans in the spleen, liver, and kidney. The figures all show strong correlations between SLC23A1 and CYP27B1 in the tissues, except for the lung. The correlation is especially strong in the kidney. However, such a strong connection is lacking in mice. However, a clear connection between Slc23a2 and Rxra is present in both the mouse and human version of the genes (SLC23A2 and RXRA) are also connected. Thus, in post-synthesizing pathways there are both similarities and differences between humans and mice. Of note, in the human literature and tissue correlation analyses, connections between SLC23A1 and CYP27B1 are lacking.
Differences and similarities in patterns of correlation among key VC and VD genes.
Since initial analysis of correlations among key genes in the VD and VC pathways showed both similarities and differences between mice and humans, we further examined in detail the correlation matrix among these genes in mouse spleen (N = 81), liver (N = 32), lung (N = 49), and kidney (N = 55) using the GeneNetwork platform with the Pearson coefficient 17 . Figure 2A shows correlations in different tissues between Gulo and Rgn, Gc and Gulo, and Gc and Rgn in mouse and GC and RGN in human. Figure 2B summarizes the correlation between the expression levels of these genes. Correlations (r values) between Gulo and Rgn in mouse spleen, liver, lung, and kidney were 0.876, 0.678, 0.848, and 0.794, respectively. Correlations between Gc and Gulo in these four tissues in mice were 0.848, 0.550, 0.777, and 0.542, respectively. The R values between Gc and Rgn in these tissues of mice are 0.937, 0.558, 0.901, and 0.617, respectively. All of these correlations are statistically significant at less than 0.001. Rgn, Gc, and Gulo are highly expressed in mouse liver, and their correlations are more than 0.5 in this tissue. These detailed analyses in the four tissues confirm the positive correlation among these three genes. At the same time, the correlations of GC and RGN in humans are 0.386, 0.110, 0.088, and 0.301 ( Fig. 2B ), which means GC and RGN have a low degree of www.nature.com/scientificreports www.nature.com/scientificreports/ linkage in humans (as expected, since humans cannot synthesize VC). Further, we have found a similarly strong correlation between Gc and Rgn in rat tissues ( Supplementary Fig. S1 ). Figure 2C shows the detailed correlation between Cyp27b1 and Slc23a1 in mice and CYP27B1 and SLC23A1 in humans. Figure 2D summarizes correlations among these gene pairs in the four tissues. In humans, there are obvious positive correlations between the expression levels of CYP27B1 and SLC23A1 in kidney and spleen, with r values of 0.733 and 0.424. However, in liver the relation between these two genes is negative. In mice, there is no correlation between Cyp27b1 and Slc23a1, with r values between −0.183 and 0.106. Either positive or negative, at these low levels of R values, it means that they do not correlate. In liver the number of shared probes is the least between Gc and Rgn. However, even such a small number of shared genes are difficult to find when the two genes are not related. We have shown in the supplementary data that in pairs of non-relevant genes, there are no shared probes that are closely related to their expression levels. Figure 2E ,F show the correlation of expression levels between Rxra and Slc23a2 in mice and RXRA and SLC23A2 in humans. These weak connections are shown in a graphic gene network between the PAK pathway and RXRA in four tissues ( Supplementary Fig. S2 ). In kidney, liver, and spleen, these gene pairs show positive correlations at the expression level while in lung they have a negative correlation. The P values of correlations in these tissues between humans and mice are similar, with a P value of 0.2890.
Data shown in Figs 1 and 2 suggest there are both similarities and differences in regulation of synthesis and transport pathway between VD and VC. In animals where Gulo is functional, Rgn and Gc have some linkage in VC and VD pathways. The correlation between Rgn and Gc in humans in these tissues is significantly lower than that in mice. The P value of correlations between mice and humans is 0.0173. However, due to the non-functional GULO gene in human, almost all the VC is obtained from the diet, thus RGN and GULO do not play any role in linkage of the VC and VD synthetic pathways. After VC intake, SLC23A1 and SLC23A2 start to transport VC to different tissues, and then the main linkage of VC and VD is between Rxra and Slc23a2 in mice and RXRA and SLC23A2 in humans. In addition, there is an alternative pathway that may connect VC and VD through SLC23A1 and CYP27B1. Such a linkage has not been demonstrated in mice.
Significant variations in the similarities of top 100 probes that are most correlated to key genes
in the Vc and VD pathways in mice. The linkage between key genes in VD and VC pathways and significant differences in their patterns of correlations raises a question as to what the similarities and differences among the top genes are and which expression levels are closely associated with the key genes. The method of exploration was to compare the top 100 most correlated genes between each correlated pair of genes, as we previously explained except we obtained the top 100 instead of 50 16 . Again, using GeneNetwork tools, the top 100 probes that have their expression levels most correlated with that of the expression level of each gene were identified. We first compared the similarities between the top 100 probes from Gc and Rgn. For the correlation, we used both Pearson and Spearman's correlation (Fig. 3A,E ). We found that in the kidney more than 80 probes of Gc and Rgn are the same using both Pearson's and Spearman's correlation coefficients. In the spleen the Pearson correlation showed that as many as 91 probes are the same. This extremely similar phenomenon is usually rare when other genes are compared to each other. The results suggest that Gc and Rgn have a strong relationship in these tissues. In liver the number of shared probes is the least between Gc and Rgn. However, even such a small number of shared genes are difficult to find when the two genes are not related. We have shown in the supplementary data that in the pairs of non-relevant genes, there are no shared probes that are closely related to their expression levels ( Supplementary Table S2 ).
Similarly, large numbers of the same genes were found among the top 100 most correlated probes to GC and Gulo among four tissues ( Fig. 3B,F) . Similarly, large numbers of the same genes were found among the top 100 most correlated probes to GC and Gulo among three tissues except in liver. By Pearson coefficient, the number of same genes is 83, 15, 85, and 70 in spleen, liver, lung, and kidney, respectively. By Spearman's coefficient, the numbers were 4, 18, 0, and 84, respectively. In order to re-affirm the relationship in the liver, we have done the same analysis with data from rat liver that confirmed the finding from mouse liver ( Supplementary Fig. S3 ).
The top 100 most correlated genes to Slc23a1 and Cyp27b1 are compared in mice ( Fig. 3C,G) . While one gene in mouse spleen and kidney were found to be the same between Slc23a1 and Cyp27b1 by Pearson coefficient, the same result was not found using the Spearman's coefficient.
Genes from the top 100 most correlated genes were found to be the same between Rxra and Slc23a2 in mice using the two statistical coefficient methods ( Fig. 3D,H) . In mice the number of the same genes found by using Pearson's coefficient were 4, 2, 3, and 0 in spleen, liver, lung, and kidney respectively. Using Spearman's coefficient, the same genes were 0, 1, 22, and 3, respectively. In contrast, there were no same probes among the top 100 genes derived from genes in unrelated pathways, such as the top 100 genes from Il1rn, Avpr1a, Vdr, and Lep ( Supplementary Table S2 ).
Significant variations in the similarities of top 100 probes that are most correlated to key genes in the Vc and VD pathways in humans. Using the same method from the mouse analysis, we analyzed the top human probes of three gene pairs, GC and RGN, SLC23A1 and CYP27B1, and RXRA and SLC23A2. Surprisingly, there is no identical probe in the top 100 most correlated probes of GC and RGN, regardless of whether Pearson or Spearman's calculations are employed (Fig. 4A) . These data support the conclusion that the correlation in mice between this pair of genes does not exist in humans. P values comparing the number of genes in mice (Fig. 3A,E ) and in humans by Pearson's coefficient was 0.0398 and Spearman's was 0.1591; the combination of the two is 0.0085.
Next, we compared the top 100 most correlated genes to SLC23A1 and CYP27B1 in humans (Fig. 4B,D) . A large number of probes were found to be the same between SLC23A1 and CYP27B1 among the spleen, liver, and kidney using both Pearson's and Spearman's correlations coefficient, except the lung. The number of the same genes in spleen, liver, lung, and kidney by Pearson's coefficient were 14, 8, 0 and 32, respectively, and by Spearman's coefficient were 15, 2, 0, and 20, respectively. P values comparing the number of genes in mice (Fig. 3C ,G) and in humans by Pearson's is 0.1422, by Spearman's is 0.1548, and the combination of the two is 0.0235. These data support the conclusion that the role between SLC23A1 and CYP27B1 in linkage between VD and VC pathway is more important in humans than in mice.
Lastly, we compared the top 100 most correlated genes to RXRA vs SLC23A2 in humans ( Fig. 4C,E) . While in humans there are some genes that are the same between the top 100 most closely correlated genes of one to the other, there are fewer numbers of identical genes in humans than in mice. The number of identical genes in spleen, liver, lung, and kidney by Pearson's coefficient were 0, 1, 2 and 0, respectively, and by Spearman's coefficient were 1, 0, 1, and 0, respectively. P values comparing the number of genes in mice and in humans by Pearson's coefficient were 0.1817, by Spearman's is 0.3216, and the combination is 0.1813. Thus, a slightly weaker correlation between this pair of gene exists in humans and a stronger one in mice (Fig. 3D,H) . eQTL mapping in Gc and Rgn in mouse. Due to the availability of genotypes of BXD strains, we were able to examine the regulatory loci of these key genes in mice. The eQTL of Gc and Rgn from the four tissues studied were obtained from GeneNetwork using an interval mapping tool with 1000 permutations and with all the expression data from BXD strains without removing outliers from data from the four tissues. We conducted two separate mapping procedures, mapping Gc and Rgn individually and mapping them together. When mapped individually, the result suggested that Gc has a possible eQTL in both chromosome 7 and chromosome 9 in spleen (Fig. 5A ). The highest LRS (Likelihood ratio statistic) of Rgn is also in the same position on chromosomes 7 and 9 although the eQTL did not reach a significant LRS. When mapping Gc and Rgn together, the result showed they are in the same location, 68-76 MB in chromosome 7 and 26-36 MB in chromosome 9 (Fig. 5A , picture at bottom row). While in the lung, eQTL from Gc and Rgn both reached suggestive levels in chromosome 9, in a similar location as that in the spleen, between 28-34 MB (Fig. 5B) . The heatmap showed the same results as that of the eQTL mapping (Fig. 5A,B) . No significant eQTL was identified from liver or kidney (Fig. 5C ). Although the eQTL of Gc and Gulo from spleen, lung, and kidney rose to a significant level, they were mapped on chromosome 9 in both the spleen and lung (Fig. 5D ). In addition, in liver, an eQTL on chromosome 8 was obtained by individual and combined mapping (Fig. 5E ). No significant eQTL was identified between Slc23a1 and Cyp27b1, although a potential locus on chromosome 8 was mapped from both spleen and liver (Fig. 5F ).This analysis identified a strong association between Gc and Rgn, Gc and Gulo, and between Slc23a1 and Cyp27b1. This result further enhances the assumption that there are connections between VD and VC pathways in mice. www.nature.com/scientificreports www.nature.com/scientificreports/ Key genes were expressed differently in one pathway when the key gene in another pathway was affected. The expression levels of VC and VD key genes in Sfx mice and Balb/c mice were examined to determine whether there is a difference in expression levels in VD key genes when a VC key gene was knocked out. As is shown in Table 1 , all the groups showed that when Gulo was knocked out, no matter whether the supplied drinking water contained VC or not, some VD key genes were expressed differently in the Sfx group than the Balb/c group. The two analysis in femurs showed similar differences, while the differences between two femur groups are the mice age and the analyzed methods.
For the analysis of data of Vdr knockout mice, we downloaded the database (details described in methods) and sorted the different expression results in the key genes of VC and VD. As can be seen in Fig. 6 , when Vdr was knocked out, the expression levels of the associated gene were altered, including Cyp24a1, Gc, and Cyp27b1. In addition, the expression levels of Slc23a1 and Gulo also showed significant differences when compared between the Vdr knockout group and the wildtype group (P < 0.05). The expression levels of those key genes are not affected in arthritic mice models with the non-mutated Gulo gene when compared to healthy control mice ( Supplementary Table S1 ). These results support our hypothesis that the expression levels of VC and VD key genes influence each other. www.nature.com/scientificreports www.nature.com/scientificreports/
Discussion
Our data reveals for the first time the potentially key switch in the relationship between VC and VD pathways. To illustrate such an overlap, we have drawn a pathway diagram (Fig. 7) . In Fig. 7 , the upper part of the figure shows the VC synthesis and transport pathway. In mice and many other animals, it is through Rgn and Gulo, by which L-gulonate becomes L-gulono-γ-lactone and finally becomes VC. Slc23a1 and Slc23a2 are transporters for VC in vivo.
VD synthesis and transport pathways are illustrated in the lower part of Fig. 7 . Vitamin D3 from UVB and diet are bound by VDBP until transport to target cells. VDBP is encoded by Gc. In the kidney, hormonal regulation significantly impacts the VD pathway and CYP27B1, CYP24A1, CYP2R1. RXRA, CYP24A1, VDR, and TRPV6 are all functional in VD target cells.
In the middle part of Fig. 7 we illustrate how these two pathways are possibly connected. Our results show that Rgn is connected with Gc only in mice and SLC23A1 is connected with CYP27B1 only in humans. Gulo weakly connects with Gc in mice. Slc23a2 connects with RXRA both in mouse and human. There may be some unknown genes involved in regulation, leading to their association.
A series of reported evidence supports our views. A recent study showed that plasma levels of vitamin D correlated with those of vitamin E and vitamin C 17 . Da Costa et al. reported levels of vitamin D-binding protein were inversely associated with levels of ascorbic acid in humans when they focused on identifying plasma proteins associated with circulating levels of ascorbic acid 18 . Our data also suggest that the associations between VD and VC can be direct or indirect. The direct association may be linked by Rgn and Gulo, Gc and Rgn in mouse, www.nature.com/scientificreports www.nature.com/scientificreports/ or SLC23A1 and CYP27B1 in humans. SLC23A1 and CYP27B1 are both highly expressed in kidney, and they also show a linkage in other tissues. The indirect associations could be through multiple ways connected by some other related genes, as we showed in the top 100 closely correlated genes to them, which need to be further studied.
A critical issue is that different individuals may utilize VD or VC with different efficiency, as the pathways are not independent. Our data may partially clarify why results of studies on the effects of VD and VC vary, i.e., because one element is affected by the other 19 . Our data may also explain why the value of VD deficiency thresholds (in measured by 25(OH)D) also varies [19] [20] [21] . Similarly, recommended optimal VC and VD levels have also generally been independent, without considering possible interactions.
Equally important, VC and VD have been used in combination with other agents in the treatment of disease [22] [23] [24] [25] . According to our data, the optimal amount of VC or VD when used in treatment should be based on the balanced levels of both VC and VD. It is understandable that results of different combinations among drugs and VC or VD may also differ due to particular interactions between the drug and VC or VD. It is necessary to investigate whether it is optimal to add other vitamins to work synergistically to produce a better therapeutic effect.
The key genes in the connection between VC and VD may be used as alternative targets in disease treatment, nutrition, and supplementation. In addition to their function in VC and VD pathways, these genes have other important functions 26, 27 . When these genes are utilized, their association may influence each other, which in turn, may affect the VC and VD pathway. Thus, a much broader effect of these genes should be considered when they are used for other purposes.
In this article, we focus on the mRNA expression level or genomic levels, not on protein levels. However, with multiple analyses with different methodologies and at different levels, we have found evidence to demonstrate that some overlap exists between VC and VD synthesis and transport pathways. It is clear that additional studies such as at protein levels should be conducted in the future. Our study has several limitations. First of all, most of our analyses are based on mouse models, or gene expressions profiles at one time point. The human sample is from the Genotype-Tissue Expression (GTEx) project, with a sample of around 500 that was 85% Caucasian. Secondly, we did not test for potential sex differences. Thirdly, the mouse data are mainly from BXD RI strains, which were derived from two parental strains, (C57B6/J and DBA/2 J), and thus may not represent all mouse strains. Furthermore, our analysis is only based on the association of the expression levels between genes. Influence by polymorphism and other epidermal factors was not been considered. Further studies on verification of these results and further analysis of potential age and sex differences will advance research into mechanisms of VD and VC effects.
In summary, our study suggests that in mice, the VC and VD functional pathways are connected mainly through Gc-Rgn and Gc-Gulo. In humans, the connection is mainly through SLC23A1 and CYP27B1. The significant differences raise the question of whether it is suitable to conduct research using VC endogenous production rodent models. The association between VD and VC pathways indicates a need for both to be considered in their nutritional and therapeutic applications. www.nature.com/scientificreports www.nature.com/scientificreports/ 
